Background and Aim: Environmental factors are supposed to play a decisive role in the pathogenesis of inflammatory bowel diseases [IBDs]. Increased dietary salt intake has been linked with the development of autoimmune diseases, but the impact of a salt-enriched diet on the course of IBD remains unknown. In this study, we examined whether high salt intake alters mucosal cytokine production and exacerbates colitis. Methods: Normal intestinal lamina propria mononuclear cells [LPMCs] were activated with anti-CD3/CD28 in the presence or absence of increasing concentrations of sodium chloride [NaCl] and/ or SB202190, a specific inhibitor of p38/MAP Kinase. For in vivo experiments, a high dose of NaCl was administered to mice 15 days before induction of trinitrobenzene-sulfonic acid [TNBS]-colitis or dextran sulfate sodium [DSS]-colitis. In parallel, mice were given SB202190 before induction of TNBS-colitis. Transcription factors and effector cytokines were evaluated by flow-cytometry and real-time PCR. Results: IL-17A, IL-23R, TNF-α, and Ror-γT were significantly increased in human LPMCs following NaCl exposure, while there was no significant change in IFN-γ, T-bet or Foxp3. Pharmacologic inhibition of p38/MAPK abrogated the NaCl-inducing effect on LPMC-derived cytokines. Mice receiving the high-salt diet developed a more severe colitis than control mice, and this effect was preventable by SB202190. Conclusions: Our data indicated that exposure of intestinal mononuclear cells to a high-NaCl diet enhanced effector cytokine production and contributed to the exacerbation of experimental colitis in mice.
Introduction
Crohn's disease [CD] and Ulcerative Colitis [UC], the major chronic inflammatory bowel diseases [IBDs] in humans, affect more than 1.5 million Americans, 2.2 million people in Europe, and several hundred thousands worldwide. 1 The etiology of both CD and UC is unknown, but the rapid advancement of molecular techniques and the possibility of using several animal models of intestinal inflammation have led to a better knowledge of the factors that orchestrate the tissue-destructive inflammatory response in these disorders. 2, 3 It is now well accepted that IBDs develop in genetically predisposed individuals as a result of an exaggerated mucosal immune response directed against the commensal bacteria that reside in the intestinal lumen. 2, 3 Epidemiological data, and clinical and laboratory observations also indicate that multiple environmental factors influence the development and/or course of IBD. 1, 4 For instance, smoking is a causative agent for CD and is associated with an aggressive course of this disease, whereas it prevents the development of UC. 5 Appendectomy is protective against the development of UC and is more common in CD patients. 6 Housing with hot tap water, fewer infections, and a low infant mortality rate coincide with a higher incidence of CD, suggesting that cleaner environments delay exposure to enteric infections and lead to a downstream effect of abrogating oral tolerance to otherwise harmless antigens from the microflora. 7, 8 Furthermore, agents that break the mucosal barrier [such as nonsteroidal antiinflammatory drugs, antibiotics and viral and bacterial infections] can act as triggers of IBD development. 9, 10 More recently, it has been suggested that a westernized diet [a high-fat, high-carbohydrate, and low-fibre diet] may contribute to the increasing incidence of IBD worldwide. 11 Among dietary components, particular attention is now being given to salt [sodium chloride; NaCl], because a salt-enriched diet been associated with the development of immune-mediated diseases, such as multiple sclerosis and rheumatoid arthritis, 12, 13 and high dietary salt intake exacerbates inflammation in animal models of multiple sclerosis by inducing T helper [Th]17 cytokines and tumor necrosis factor [TNF]-α, 14, 15 which are known to contribute to IBD-associated mucosal inflammation. 16, 17 In this study, we investigated whether high NaCl concentrations alter mucosal cytokine production in the gut and exacerbate experimental colitis in mice.
Material and methods

Mucosal samples and LPMC isolation
Lamina propria mononuclear cells [LPMC] were isolated from biopsy specimens from five patients with irritable bowel syndrome and also from colonic specimens [macroscopically and microscopically unaffected] from nine patients undergoing resection for colon cancer [median age, 43 years; range, 27-70 years]. Mucosal biopsy specimens were taken from affected areas of 30 patients with active CD [median age, 35 years; range, 25-55 years]. In 6 of the 30 CD patients, paired biopsy samples were taken from endoscopically inflamed and uninflamed mucosa. Eleven CD patients were receiving corticosteroids, and the remaining patients were on mesalazine. All reagents were from Sigma-Aldrich [Milan, Italy], unless specified. LPMCs were isolated as described previously, 18 
Experimental colitis
One mg of trinitrobenzene sulfonic acid [TNBS] in 45% ethanol was administered to 8-week-old female Balb/c mice as previously described. 19 Controls consisted of mice treated with 45% ethanol. Mice received a normal diet or NaCl-enriched chow containing 4% NaCl [NaCl group] 15 days before the induction of TNBS colitis. This timing was selected according to previously published reports, which showed that such treatment was sufficient to promote pathogenic immune responses. For p38/MAPK inhibition in vivo, mice were maintained on a control or high-salt diet and either treated intraperitoneally with 1mg/kg SB202190 or vehicle every 48 h from 'Day −10' before the induction of TNBS colitis. Weight changes were recorded daily, and mice were killed at Day 5 after the TNBS induction, and tissues were collected for histology, RNA analysis and LPMC isolation. The myeloperoxidase [MPO] activity was measured in colonic tissues using a commercial kit [Abcam Cambridge, UK]. The colitis histologic score was assigned as described elsewhere. 19 Eight-week-old female Balb/c mice received either regular drinking water [control] or 2.5% of dextran sulfate sodium [DSS] in drinking water for 7 days. Mice received a normal diet or a diet containing 4% NaCl [NaCl group] 15 days before the induction of DSS colitis. Both groups of animals had a similar daily fluid intake. Weight changes were recorded daily, and at Day 7 the mice were killed and tissues were collected for histology, LPMC isolation and MPO activity. The colitis histologic score was assigned as described elsewhere. 
Flow cytometry
Statistical analysis
Differences between groups were compared using the Student's test or the Mann-Whitney test.
Results
NaCl enhanced cytokine response in normal LPMCs
To determine whether a high salt concentration alters the mucosal cytokine response, normal LPMCs were cultured in the presence of increasing concentrations of NaCl. NaCl enhanced TNF-α and IL-17A but not IFN-γ RNA transcripts in both unstimulated and anti-CD3/anti-CD28-activated LPMCs without influencing the rate of cell death [ Figure 1 and Supplementary Fig. 1 ]. Since the maximal effect of NaCl on cytokine response was seen with 40 mM concentration, this was selected for the subsequent experiments. Consistent with the above data, NaCl significantly increased the percentages of LPMCs producing TNF-α and IL-17A, but not IFN-γ, and enhanced the transcripts for the IL23 receptor [IL-23R], a critical player in stabilizing and amplifying the Th17 phenotype 21 ; this effect was seen in both unstimulated and anti-CD3/anti-CD28-activated LPMCs [ Figure 2A and Supplementary Fig. 2B ]. Similarly, NaCl enhanced TNF-α, IL-17A, and IL-23R, but not IFN-γ RNA transcripts, in both unstimulated and anti-CD3/anti-CD28-activated LPMCs isolated from CD patients [ Supplementary Fig. 2] . Moreover, NaCl exposure increased the fraction of LPMCs expressing Ror-γT, a Th17-related transcription factor, without affecting the percentages of cells expressing T-bet or FoxP-3 [ Figure 2B ].
Inhibition of p38 abrogated the inducing effect of NaCl on LPMC-derived IL-17A and TNF-α production
Next, we examined the molecular pathway by which NaCl enhances LPMC-derived TNF-α and IL-17A production. Previous studies in other systems have shown that the regulatory effect of high NaCl concentration on the immune system is mediated by p38/MAPK, a MAPK that is responsive to stress stimuli such as osmotic shock. the percentages of phosphorylated p38-expressing LPMCs by FACS. LPMCs cultured in the presence of NaCl exhibited increased phosphorylation of p38 MAPK, and this occurred in both unstimulated and activated cells [ Figure 3A ]. NaCl-exposed LPMCs also showed enhanced expression of NFAT5, a downstream target of p38MAPK [ Figure 3B ]. Inhibition of p38 MAPK with SB202190 abrogated the NaCl-inducing effect of TNF-α and IL-17A production [ Figure 3C ].
Salt-enriched diet exacerbated colitis in mice
To translate our data in vivo, we used two different models of colitis [i.e. TNBS-and DSS-colitis], in which Th17 cytokines and TNF-α are supposed to play a pathogenic role. 23 Mice treated with ethanol and receiving NaCl displayed greater body weight loss, more pronounced inflammatory infiltrate, and increased expression of phosphorylated-p38, NFAT5 and inflammatory cytokines as compared with control [ethanol-treated] mice [ Figure 4 ]. Moreover, a saltenriched diet increased the severity of TNBS-colitis, as evidenced by marked weight body loss and greater colonic inflammation as compared with TNBS-treated mice receiving a normal diet [ Figure 4A and B]. Mice given NaCl exhibited increased expression of activated p38 and NFAT5 transcripts [ Figure 4C ] and greater percentages of Ror-γT-, TNF-α-, and IL-17A-expressing LPMCs as compared with mice receiving a normal diet; the percentage of cells expressing T-bet, FoxP3 and IFN-γ did not differ between the two groups [ Figure 4D ]. Furthermore, mice given NaCl exhibited increased expression of IL-17F, IL-22, and IL-23R transcripts, and higher MPO activity in colon tissue as compared with mice receiving a normal diet [ Supplementary Fig. 3 and Figure 4E ].
Similar findings were seen in DSS-colitic mice. Indeed, animals receiving a NaCl-enriched diet showed more body weight loss, severe colitis, an increased number of TNF-α-and IL-17A-positive LPMCs, higher MPO activity, and enhanced expression of IL-17F, IL-22, and IL-23R as compared with animals receiving a normal diet [ Figure 5C and D and Supplementary Fig. 4 a NaCl-enriched diet without DSS showed a minimal increase in IL-17A and IL-23R expression, but not TNF, IL-17F, and IL-22, as compared with normal control mice [ Figure 5C and Supplementary  Fig. 4 ].
Pharmacologic inhibition of p38 ameliorated TNBS-colitis in mice receiving a high-salt diet
To examine whether the inflammatory effect of NaCl in the colon was mediated by p38/MAPK, mice were treated with SB202190 and NaCl before induction of TNBS-colitis. In TNBS-treated mice, inhibition of p38/MAPK inhibited the pro-inflammatory effect of NaCl, as evidenced by reduced loss of body weight, milder histologic inflammation and diminished expression of phosphorylated-p38, NFAT5, TNF-α, IL-17A, RorgT, IL-17F, and IL-22 as compared with colitic mice given NaCl and no SB202190 [ Figure 6 and Supplementary Fig. 5 ].
Discussion
There is no doubt that environmental factors play a major role in IBD pathogenesis, and several environmental factors have been linked to the development of IBD. 4 Among these, dietary compounds have received considerable attention, because fruit and vegetables seem to be protective, while red meat and fats have a deleterious effect. 11 In this study, we anaed whether a high salt concentration alters mucosal cytokine production and exacerbates colitis in mice, since increased dietary salt intake has been linked with the development of immune-mediated diseases. 12, 13, 24 To this end, we used increasing concentrations of NaCl [10-80 mM], which are similar to the concentrations found in the interstitium of animals given a salt-enriched diet.
14,15 Initially, we showed that exposure of intestinal LPMCs to NaCl enhanced IL-17A, TNF-α, and IL-23R expression, without affecting IFN-γ induction, thus suggesting that the positive effect of NaCl on cytokines and IL-23R did not reflect a general activation of immune cells. The basic mechanism by which NaCl preferentially enhances the Th17 cytokine response remains unclear. Since Th17 cells are largely present in the human gut, and resting T cells represent a minority of the cells infiltrating the intestinal lamina propria, it is likely that NaCl increases pre-existing Th17 cell responses rather than promotes the de novo induction of Th17 cells from naïve T cells. In this context, it is noteworthy that NaCl treatment of LPMCs did not modify the content of RNA transcripts of Th17-inducing factors, such as IL-6 and TGF-β1 [personal unpublished observations], and it is known that NaCl promotes induction of the IL-23 receptor, 15 which drives signals necessary for amplifying and stabilizing the Th17 cell phenotype. 25 Analysis of the cell targets of NaCl was beyond the scope of this study, but it is likely that NaCl can influence the activity of multiple cell types. Indeed, it has been shown that macrophages respond to NaCl with enhanced pro-inflammatory cytokine production, increased expression of immune-stimulatory molecules, and an antigen-independent boost of T cell proliferation, and high NaCl concentrations can directly target T cells, thereby promoting the induction of murine and human Th17 cells. 14, 15, 26, 27 Subsequently, we analysed the molecular pathways by which NaCl stimulates the Th17 cytokine response. In line with previous studies, we here report that NaCl promoted phosphorylation of p38 MAPK and enhanced the induction of NFAT5 [a p38 MAPK downstream target] in human intestinal LPMCs. Moreover, pharmacological inhibition of p38 MAP kinase abrogated the NaCl-driven cytokine response.
To examine whether NaCl triggered a pathogenic immune response in vivo, a high NaCl concentration was given to naïve and colitic mice. For these studies, mice received 4% NaCl, a concentration of salt similar to that present in the diet of many populations. 28 Interestingly, naïve mice treated with ethanol and receiving NaCl exhibited evident signs of inflammation, body weight loss, hyperphosphorylation of p38 MAPK, and enhanced induction of IL-17A, IL-22, IL-17F, IL-23R, and TNF-α as compared with naïve mice treated with ethanol and on a regular diet. Naïve mice treated with ethanol and receiving NaCl exhibited levels of phosphorylated p38, NFAT, and inflammatory molecules similar to those seen in mice treated with TNBS and on a regular diet, thus supporting the hypothesis about the inflammatory effect of NaCl. Although we do not yet know exactly how the combination of ethanol and high NaCl drives colitis, it is conceivable that ethanol allows, by breaking the epithelial wall, luminal antigens to enter the lamina propria, thus triggering an inflammatory response, which is amplified by NaCl. The proinflammatory effect of a salt-enriched diet in the gut was even more evident when NaCl was given to colitic mice. Indeed, mice with either TNBS-colitis or DSS-colitis exhibited signs of severe colitis and marked expression of Th17-related molecules and TNF-α; such effects were preventable by p38 MAPK inhibitor. Previous studies showed that inhibition of p38/MAPK is effective in attenuating experimental colitis in mice. 29, 30 This data would seem to suggest that in our system, the anti-inflammatory effect of p38 inhibitor was not lost in mice receiving a high-salt diet, thus arguing against the hypothesis that NaCl is acting through the p38 pathway. However, since high NaCl increased the severity of colitis, and since p38 inhibitor suppressed even this later effect, this supports the hypothesis that p38 controls not only the TNBS-colitis seen in mice on a regular diet, but also the NaCl-mediated inflammatory effect. These data fit with those generated in other systems showing that NaCl activates MAPK, thereby increasing the production of Th17 cytokines and the severity of experimental autoimmune encephalomyelitis [a model of multiple sclerosis] in mice. 14, 15 We would, however, like to point out that our data do not exclude the possibility that NaCl can promote pathology by affecting other mechanisms and signaling pathways. For instance, it has been shown that NaCl blocks the suppressive capacity of human and murine Foxp3 + regulatory T cells in vitro and in vivo. 31 Hyperosmotic stress, such as that induced by high NaCl, activates inflammasome and drives the proteolytic activation of caspase-1 and the secretion of mature IL-1β, 27 with the downstream effect of amplifying inflammatory signals.
The findings of the present study suggest that excessive salt consumption can increase the risk of inflammatory pathology in the gut, even though a direct causal relationship between high dietary salt and IBD is yet to be determined. Similarly, further studies would be needed to determine whether excessive salt consumption can aggravate the course of IBD and whether dietary salt restriction can help attenuate the ongoing mucosal inflammation in patients with such disorders. Work is also needed to evaluate whether [and which] additional environmental and/or genetic factors could cooperate with salt in triggering pathogenic responses in the gut. In fact, countries such as China, which traditionally have the highest salt intake due to the generous addition of salt during cooking, have lower rates of IBD than western countries. 1, 24 In conclusion, our study shows that high salt concentration can activate effector immune cells in the gut, thereby contributing to exacerbation of colitis.
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